Introduction {#s0005}
============

Contrary to being inconsequential bystanders in tumorigenesis, neutrophils, an important component of the innate immune system, play key roles in antitumor immunity. It has become increasingly clear that neutrophils are a potent source of immune-modulatory cytokines that directly aid in the elimination of tumor cells \[[@bb0005],[@bb0010]\] and indirectly augment adaptive immune responses against tumor \[[@bb0015], [@bb0020], [@bb0025]\]. However, studies showing critical protumorigenic effects of tumor-associated neutrophils (TANs) in tumorigenesis have also begun to emerge. TANs, the double-edged sword of innate immunity, are thus capable of being pro- or anti-tumorigenic depending on the tumor microenvironment \[[@bb0030],[@bb0035]\]. Previous reports from our laboratory and others have shown that the inflammatory factors G-CSF/IL-6 \[[@bb0040]\] induce tumor-promoting neutrophils, while other mediators such as TNF-α and IFN-γ \[[@bb0045]\] or TGF-β blockade reverse the tumor-promoting effects of neutrophils \[[@bb0030]\], resulting in the recruitment and activation of TANs with an antitumor phenotype.

Natural killer (NK) cells are the effector lymphocytes of the innate immune system that control several types of tumors and microbial infections by limiting their spread and subsequent tissue damage \[[@bb0050]\]. Unlike T lymphocytes, NK cell cytotoxicity for tumor cells is decreased in cancer patients and tumor-bearing animal models \[[@bb0055]\]. The activation of NK cells is determined by a delicate balance between activating and inhibitory receptors \[[@bb0060]\]. The activating receptor, NKG2D, which recognizes RAE-1, H60, and MULT1 in mice \[[@bb0065]\], plays an important role in the immune response against cancer \[[@bb0070]\]. Its ligands are rarely expressed on the surface of healthy cells and tissues but frequently expressed in tumors and tumor cell lines \[[@bb0075]\]. Additionally, NK cell activation is also controlled by other factors. Evidence for the potential role of neutrophils in NK cell activation, maturation, and homeostasis has been found in mice \[[@bb0080]\]. Moreover, neutrophils-derived G-CSF may be the inhibitory factor of NK cells \[[@bb0085]\]. The potential interaction between neutrophils and other leukocytes, including macrophages, dendritic cells (DCs), and T lymphocytes, have been studied \[[@bb0015],[@bb0090],[@bb0095]\]. NK cells and neutrophils are localized in the same areas of spleen and lymph nodes and could form conjugates \[[@bb0100]\], and neutrophils facilitate the intermediate steps of invasion and metastasis cascade by suppressing NK cell activity \[[@bb0105]\], suggesting regulatory roles of neutrophils on NK cells. However, how neutrophils modulate NK cell in the tumor microenvironment remains largely unknown. Interestingly, Terme et al. reported that NK cells could express PD-1 \[[@bb0110]\], which is expressed most in the T cells and transfers the primary inhibitory signal to T cells through PD-L1/PD-1 interactions \[[@bb0115]\].

The detailed immunological mechanisms through which neutrophils with protumor phenotype modulate NK cells in tumor-bearing state remain unclear. The purpose of the present study was to investigate whether and how rebellious neutrophils modulate the immunity of NK cells in tumor-bearing state and whether neutrophils could suppress antitumor immunity of NK cells through the PD-L1/PD-1 axis mediated by direct cell-cell interaction. Furthermore, the study sought to explore whether the G-CSF/STAT3 signaling pathway is involved in the upregulation of PD-L1 on neutrophils and whether IL-18 mediates the enhancement of PD-1 on NK cells.

Materials and methods {#s0010}
=====================

Reagents and antibodies {#s0015}
-----------------------

CCL3 (MIP-1α) and IL-2 were purchased from Millipore (Billerica, MA, USA). Monoclonal antibodies anti-Stat3 (clone: 79D7), anti-phospho-Stat3 (Tyr705) (clone: D3A7), and anti-GAPDH (clone: D16H11) were purchased from Cell Signaling Technology (Beverly, MA). Ly6G mAb (clone 1A8) was from BioExpress. Mouse IL-18 binding protein (IL-18BP) was from BIOHJ Corporation (USA). Anti-NKG2D (MI-6), anti-NKp46 (29A1.4) and anti-G-CSF antibodies were from R&D Systems. G-CSF, GM-CSF, IL-6, and TNF-α were from PeproTech (Rocky Hill, NJ). STAT3 inhibitor (FLLL32) was from Selleck. Rabbit anti-DX5 (clone EPR5788), anti-PD-L1 (clone EPR20529), and anti-PD-1 (clone J43) antibodies were from Abcam. Rabbit anti-mouse CCR1 (clone PA1--41062) and HRP-conjugated Goat anti-Rabbit IgG were from ThermoFisher Scientific. PE-conjugated anti-mouse IFN-γ (clone XMG1.2), PE-conjugated anti-mouse PD-L1 (clone MIH5), PE-conjugated anti-mouse PD-1 (clone RMP1--30) and PE-conjugated anti-mouse DX5 were from eBioscience (San Diego, CA).

Animals and experimental treatment {#s0020}
----------------------------------

BALB/c mice (6 weeks old) were obtained from the Center of Medical Experimental Animals of Hubei Province (Wuhan, China). Animals were housed individually in plastic cages with wood chips as bedding, under pathogen-free conditions at 20--25 °C, and 12 L:12 D. Mice were fed a standard laboratory diet and water *ad libitum*. All studies involving mice were approved by Animal Care and Use Committee of Tongji Medical College, Huazhong University of Science and Technology. All animal protocols were conducted according to the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. For constructing the tumor-bearing mouse model, 1 × 10^5^/100 μl CT-26 cells were injected intramuscularly into the flanks of BALB/c mice and tumor growth was monitored. The animals were used for different experiments on the days indicated, including the isolation of neutrophils or NK cells on day 14 after inoculation.

Cell culture {#s0025}
------------

Mouse colon cancer cell line, CT-26, and lymphoma cell line, YAC-1, were obtained from American Type Culture Collection (USA) and cultured according to the guidelines. Cells were cultured at 37 °C in a humidified atmosphere with 5% CO~2~ in medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/ml penicillin G, and 100 U/ml streptomycin.

NK cytotoxicity assay {#s0030}
---------------------

The cytotoxicity of NK cells was determined as described previously \[[@bb0120]\]. YAC-1 cells were labeled with carboxyfluorescein succinimidyl ester (CFSE), co-incubated with NK cells isolated from mice at the indicated ratios, and then incubated at 37 °C for 6 h. The culture medium containing 50 U/ml of IL-2 was used for the incubation of NK cells. The tumor cells incubated without the effector cells were used as control. The cells were then stained with APC-Annexin-V and analyzed by flow cytometry. The cytotoxicity of NK cells was expressed as the percentage of Annexin-V^+^ cells in CFSE^+^ cells, which was calculated using the following equation: cytotoxicity % = (Annexin-V^+^CFSE^+^ cells/CFSE^+^ cells in the mixture of tumor cells and effector cells) -- (Annexin-V^+^CFSE^+^ cells/CFSE^+^ cells in control tumor cells).

Isolation of neutrophils and NK cells {#s0035}
-------------------------------------

### Neutrophils {#s0040}

The neutrophils were isolated from peritoneal cells as described previously \[[@bb0040]\]. To acquire un-primed neutrophils, neutrophils were recruited to peritoneal cavity by intra-peritoneal injection of CXCL1-expressing hepatocytes (C-PC) as described previously \[[@bb0040]\].

### NK cells {#s0045}

Spleen cells or PBMCs were isolated from BALB/c mice. NK cells were isolated from spleen cells or PBMCs using anti-DX5 magnetic microbeads and mini MACS columns (Miltenyi Biotec) according to the manufacturers\' protocol. The purity of the isolated cells was further identified as described previously \[[@bb0045]\].

Transfusion of neutrophils and NK cells {#s0050}
---------------------------------------

Neutrophils were injected intravenously (i.v) into mice at the concentration of 2 × 10^6^ cells/500 μl PBS, once every day for six consecutive days. The mice were then used in subsequent experiments. For the adoptive transfer of NK cells, 3 × 10^5^ CFSE-labeled NK cells from spleen or blood of tumor-bearing mice or normal mice were i.v injected into CT-26 bearing mice at once, and tumor tissues were harvested and prepared for detection by fluorescence microscopy 72 h after the injection.

Immunohistochemistry (IHC) {#s0055}
--------------------------

Tissue sections were prepared and subjected to IHC analysis as described previously \[[@bb0055]\]. Rabbit anti-mouse DX5 was used as the primary antibody for detecting NK cells. HRP-conjugated Goat anti-Rabbit IgG was used as secondary antibody. Images were obtained using Olympus IX71 microscope at 40 × 10 magnification. The NK cells were counted using Image-Pro Plus 6.0 software. The NK cell density was defined as the number of NK cells per five randomly chosen high-power fields.

Flow cytometry (FCM) analysis {#s0060}
-----------------------------

For the detection of CCR-1 expression in NK cells, spleen or PBMC cells were stained with PE-conjugated Rat anti-mouse DX5 and Rabbit anti-mouse CCR1 primary antibodies and Alexa Fluor 488-conjugated Goat anti-Rabbit IgG secondary antibody for FCM analysis. Neutrophils isolated from the blood or peritoneal cavity with or without indicated stimulation factors were stained with PE-conjugated anti-mouse PD-L1 for FCM analysis. NK cells isolated from blood or spleen with or without indicated stimulation factors were stained with PE-conjugated anti-mouse PD-1 for FCM analysis. Parameters were acquired on BD FACS Calibur (BD Biosciences) and analyzed with CellQuest software (BD Biosciences). Percent staining was defined as the percentage of cells in the gate (M1) which was set to exclude \~99% of isotype control cells. Expression index was calculated by using the formula: mean fluorescence × percentage of positive cells.

NKG2D and NKp46 activation assay {#s0065}
--------------------------------

Wells of flat-bottomed high protein binding plates (Thermo Fisher Scientific) were coated with 0.5 μg of NKG2D, 0.5 μg of NKp46 antibody or rat IgG2a antibody as control. The cells (10^6^ cells/well) were stimulated with 100 U mouse rIL-2 (Roche) for 5 h, and the intracellular IFN-γ was detected by FCM.

ELISA {#s0070}
-----

G-CSF, GM-CSF, TNF-α, and IL-6 in the serum of mice were detected by ELISA kit according to manufacturer\'s instructions (Bender MedSystem, Vienna, Austria). Cell-free supernatant of CT-26 was harvested 18 h after culture. IL-18 in the supernatant was quantified using ELISA kit according to manufacturer\'s instructions (R&D System, Minneapolis, MN).

Western blotting (WB) {#s0075}
---------------------

WB assay was performed as described previously \[[@bb0040],[@bb0125]\].

IL-18 gene transfection {#s0080}
-----------------------

Plasmid pIL-18, an expression vector carrying the cDNA encoding murine IL-18 was prepared and analyzed as described previously \[[@bb0125]\]. The plasmid was constructed by the insertion of the cDNA into plasmid pcDNA3.1 (Invitrogen, Carlsbad, CA) in our laboratory. The mice received intramuscular (i.m) injection of pIL-18 (in 100 μl of saline) in the left hind thigh on the indicated day.

RNA interference {#s0085}
----------------

CT-26 cells were transfected with IL-18 siRNA (IL-18 Stealth Select RNAi \[MSS205424, MSS205426\]) or control siRNA (Stealth RNAi Negative Control Med GC; Invitrogen) using lipofectamine RNAiMAX according to manufacturer\'s instructions. After 6 h of incubation, the transfection mix was removed and replaced with complete medium. After transfection, cells were incubated in incubator at 37 °C with 5% CO~2~ for 24--72 h. The efficacy of interference was determined by *in vitro* expression analysis (Supplementary Fig. 1).

IL-18 neutralization *in vivo* {#s0090}
------------------------------

For the neutralization of IL-18 *in vivo*, mice were injected intra-peritoneally (i.p) with 20 mg of IL-18 binding protein (IL-18 BP) or saline once every two days from day 0 to day 8.

Neutrophil depletion and PD-L1 neutralization *in vivo* {#s0095}
-------------------------------------------------------

Ly6G antibody was used to deplete neutrophils *in vivo*. Mice were injected i.p. with Ly6G antibody at a dose of 300 μg in 500 μL PBS on days 6, 7, 10, and 14 after tumor inoculation, and once a week in the follow-up observation period. PD-L1 antibody was used to neutralize PD-L1 *in vivo*. Mice were injected i.p. with 100 μg of PD-L1 antibody in 200 μl PBS on days 5, 9, and 12 after tumor inoculation, and once a week in the subsequent observation period.

Co-culture experiments of NK cells and neutrophils {#s0100}
--------------------------------------------------

Co-culture with direct contact: neutrophils and NK cells insolated from naïve or tumor-bearing mice were mixed at the indicated ratio in 96 U-bottom plates. Co-culture with lack of contact: neutrophils were added into the lower champer, while indicated ratio of NK cells was added into the up chamber of transwell system. All the cells were cultured in the medium containing 100 U of IL-2 for 3 days.

Statistical analysis {#s0105}
--------------------

All statistical analyses were done using the SPSS 19.0 software. The results were expressed as mean ± standard deviation (SD) of multiple independent experiments. The means of different groups were compared by employing either Student\'s *t*-test or one-way ANOVA followed by post-hoc test. A value of *p* \< 0.05 was considered significant.

Results {#s0110}
=======

Neutrophils impaired the cytotoxicity and infiltration capability of NK cells {#s0115}
-----------------------------------------------------------------------------

To determine the effect of neutrophils on the cytotoxicity and infiltration capability of NK cells, the CT-26 tumor-bearing mouse model was used. The cytotoxicity of NK cells from CT-26 tumor-bearing mice was weaker than that of NK cells isolated from naïve mice (E:T = 1:1; 1:10; 1:20) in both blood and spleen ([Fig. 1](#f0005){ref-type="fig"}a). Next, to investigate whether neutrophils were involved in impairing the cytotoxicity of NK cells, high number of neutrophils (3 × 10^6^ cells, once every day for three days) isolated from normal mice or tumor-bearing mice were injected into normal mice, and the cytotoxicity of NK cells were detected ([Fig. 1](#f0005){ref-type="fig"}b left). Interestingly, adoptive transplantation of normal neutrophils had no effects on the cytotoxicity of NK cells, while infusion of neutrophils from the tumor-bearing mice significantly decreased the cytotoxicity of NK cells to YAC-1 cells ([Fig. 1](#f0005){ref-type="fig"}b right). To assess the *in vivo* infiltration ability of NK cells into tumor, CFSE-labeled NK cells from spleen and blood of tumor-bearing mice or normal mice were injected into CT-26 bearing mice and the CFSE-positive cells in the tumor were detected by fluorescence microscopy 72 h after injection. The NK cells from tumor-bearing mice showed less infiltration into tumor than those isolated from normal mice ([Fig. 1](#f0005){ref-type="fig"}c). Next, to clarify whether neutrophils could impair the infiltration capability of NK cells, high number of neutrophils isolated from tumor-bearing mice were injected into naïve mice three times before the inoculation of tumor cells, and the infiltration of NK cells was detected. Adoptive transplantation of neutrophils from tumor-bearing mice significantly decreased the infiltration of NK cells on day 5 following CT-26 inoculation ([Fig. 1](#f0005){ref-type="fig"}d). Taken together, these results suggest that neutrophils from tumor-bearing mice impair the cytotoxicity and infiltration capability of NK cells.Fig. 1Neutrophils impair the cytotoxicity and infiltration capability of NK cells. (a) Comparison of cytotoxicity of NK cells from tumor-bearing mice and naïve mice. NK cells were isolated from blood or spleen of naïve (N) and tumor-bearing mice (T), and cytotoxicity was measured as described in Materials and Methods. (b) The effect of tumor-associated neutrophils (TANs) on the cytotoxicity of NK cells. Peritoneal neutrophils isolated from naïve mice or CT-26 bearing mice were adoptively transplanted into naïve mice, and cytotoxicity of NK cell was determined as described in Materials and Methods. (c) Comparison of the infiltration of NK cells from tumor-bearing mice and normal mice. NK cells were isolated from spleen and blood of tumor-bearing mice and normal mice, stained with carboxyfluorescein succinimidyl ester (CFSE), and the labeled cells were injected into tumor-bearing mice through the tail veil. The tumor sections were analyzed to assess NK cell infiltration using fluorescence microscope. (d) The effect of TANs on the infiltration of NK cells. Peritoneal neutrophils isolated from naïve mice or tumor-bearing mice were adoptively transplanted into tumor-bearing mice, and NK cell infiltration was determined by immunohistochemistry (IHC), brown: NK cells (DX5 positive), blue: cell nuclei (hematoxylin staining). Results are expressed as mean ± standard deviation (SD) from three independent experiments (*n* = 8 in each group). \**p* \< 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 1

Impaired NK cells infiltration was due to downregulation of chemokines receptor CCR1 {#s0120}
------------------------------------------------------------------------------------

To identify the mechanism underlying the impairment of infiltration of NK cells, *in vitro* migration assays were conducted using 24-well 6.5 mm transwell plates with 3 mm pore polycarbonate membrane inserts. CCL3, an effective chemokine for NK cells, was previously shown to selectively promote the mobilization of NK cell subsets \[[@bb0130],[@bb0135]\]. Therefore, 1 ng/mL CCL3 was used in the migration assays. As shown in [Fig. 2](#f0010){ref-type="fig"}a, the same concentration of CCL3 resulted in the recruitment of fewer NK cells isolated from blood and spleen of tumor-bearing mice than from normal mice. We next focused on the reason for decreased NK infiltration by analyzing the receptor expression on NK cells. Although several chemokine receptors were shown to be expressed on NK cells \[[@bb0135]\], high levels of CCR1 were found on mature NK cells. CCL3, a ligand of CCR1, regulates mature NK cell mobilization through a direct chemotactic action \[[@bb0130]\]. Therefore, we analyzed the expression of CCR1 on NK cells isolated from blood or spleen. As expected, CCR1 expression was downregulated on NK cells from tumor-bearing mice than from normal mice ([Fig. 2](#f0010){ref-type="fig"}b), suggesting that the impairment of infiltration of NK cells may be due to a decrease in CCR1 expression.Fig. 2Impaired NK cell infiltration was due to downregulation of the chemokine receptor CCR1. (a) The effect of the chemokine, CCL3, on the migration of NK cells from tumor-bearing mice. Freshly isolated NK cells from blood and spleen of tumor-bearing mice or normal mice were used in standard migration assay. NK cells (3 × 10^5^) were added to the upper well and after 90 min the contents of the lower chemotaxis well were transferred to a polypropylene tube after removal of the transwell insert. Cell migration was calculated as percentage of input cells. (b) The expression of the chemokine receptor, CCR1, on NK cells from tumor-bearing mice. CCR-1 was detected by FCM and expression index of CCR-1 was calculated. Results are expressed as mean ± SD from three independent experiments (*n* = 6 in each group). \*p \< 0.05.Fig. 2

Neutrophils suppress NK cell immunity *via* PD-L1/PD-1 {#s0125}
------------------------------------------------------

To characterize the mechanism through which neutrophils inhibit NK cell function, a commonly used method of examining the *ex vivo* responsiveness of NK cell was employed. Neutrophils from normal or tumor-bearing mice were first transfused into naïve or tumor-bearing mice, and NK cells were then collected for *ex vivo* examining experiments ([Fig. 3](#f0015){ref-type="fig"}a). As shown in [Fig. 3](#f0015){ref-type="fig"}b, the responsiveness of NK cells from the tumor-bearing mice was decreased after NKG2D or NKp46 stimulation, and neutrophils from tumor-bearing mice further weakened the NK cells responsiveness, especially after NKp46 stimulation. In addition, neutrophils from the tumor-bearing mice decreased the responsiveness of NK cells after transfusion into naïve mice. Unfortunately, normal neutrophils could not recover the responsiveness of NK cells to NKG2D or NKp46 ([Fig. 3](#f0015){ref-type="fig"}b). To determine whether PD-L1/PD-1 interaction was involved in the suppression of neutrophils on NK cell immunity, NK cells and neutrophils were sorted from naïve mice or tumor-bearing mice and co-cultured with or without neutralizing antibodies against PD-L1 or PD-1 respectively, followed by analysis of intracellular IFN-γ production. Neutrophils from the tumor-bearing mice decreased the IFN-γ production of both naïve and tumor-bearing NK cells, and PD-L1 neutralizing antibody impeded the inhibitory effect of tumor-bearing neutrophils on tumor-bearing NK cells, but did not attenuate the inhibitory effect of tumor-bearing neutrophils on naïve NK cells ([Fig. 3](#f0015){ref-type="fig"}c). Further, PD-1 neutralizing antibody antagonized the inhibitory effect of neutrophils on NK cells ([Fig. 3](#f0015){ref-type="fig"}d). These results suggest that neutrophils can suppress NK cell immunity through PD-L1/PD-1 interaction.Fig. 3TANs suppress NK cell immunity by PD-L1/PD-1 interaction. (a) Schematic diagram showing the experimental protocol. Neutrophils from normal or tumor-bearing mice were transfused into naïve or tumor-bearing mice, and NK cells were collected for the activation experiments. (b) The effects of neutrophils on NK cell responsiveness. After experimental treatment as described above in (a), the percent of IFN-γ + NK cells were detected by FCM following *in vitro* stimulation with NK-activating receptor (NKp46 or NKG2D) antibodies or IgG control. (c) The effect of PD-L1 neutralizing antibody on NK cell responsiveness. Neutrophils and NK cells from naïve or tumor-bearing mice were co-cultured with or without neutralizing antibody against PD-L1 for 12 h, and the percent of IFN-γ + NK cells from the spleen of naïve or tumor-bearing mice was detected by FCM following *in vitro* stimulation with NK-activating receptor (NKp46 and NKG2D) antibodies or IgG control. (d) The effect of PD-1 neutralizing antibody on NK cell responsiveness. Neutrophils and NK cells from naïve or tumor-bearing mice were co-cultured with or without neutralizing antibody against PD-1 for 12 h, and the percent of IFN-γ + NK cells from the spleen of naïve or tumor-bearing mice was detected by FCM following *in vitro* stimulation with NK-activating receptor (NKp46 and NKG2D) antibodies or IgG control. Results are expressed as mean ± SD from four independent experiments (*n* = 6 in each group). \**p* \< 0.05, \*\**p* \< 0.01.Fig. 3

Tumor-derived G-CSF induces PD-L1 expression on neutrophils through the STAT3 pathway {#s0130}
-------------------------------------------------------------------------------------

We first demonstrated higher expression of PD-L1 on neutrophils isolated from blood and abdominal cavity of tumor-bearing mice using FCM ([Fig. 4](#f0020){ref-type="fig"}a). Since tumor cells secrete various inflammatory cytokines, such as G-CSF, GM-CSF, IL-6, and TNF-α, we screened for these inflammatory cytokines in the serum of tumor-bearing mice to identify the factors required for PD-L1 upregulation on neutrophils. The results showed that during tumor growth only G-CSF and IL-6 increased significantly in the serum ([Fig. 4](#f0020){ref-type="fig"}b). Next, to confirm whether G-CSF or IL-6 regulate PD-L1 expression, freshly isolated neutrophils from the abdominal cavity of naïve mice were stimulated with these four cytokines for 12 h and PD-L1 expression was analyzed using FCM. The results showed that only G-CSF significantly upregulated the expression of PD-L1 on neutrophils ([Fig. 4](#f0020){ref-type="fig"}c), suggesting that tumor-derived G-CSF plays a key role in PD-L1 induction of neutrophils. Since our previous report revealed that G-CSF induced protumor function of neutrophils through activating STAT3 \[[@bb0040]\], we analyzed the activation of STAT3. Both G-CSF and serum isolated from tumor-bearing mice stimulated STAT3 activation, while G-CSF neutralizing antibody impeded the STAT3 activating effect of serum from tumor-bearing mice ([Fig. 4](#f0020){ref-type="fig"}d). To further study whether PD-L1 expression was modulated by pSTAT3, neutrophils isolated from naïve mice were cultured in medium containing G-CSF with or without the STAT3 phosphorylation inhibitor, FLLL32. As shown in [Fig. 4](#f0020){ref-type="fig"}e, FLLL32 almost completely inhibited G-CSF-mediated PD-L1 upregulation on neutrophils. Taken together, these findings suggested that tumor-derived G-CSF induces PD-L1 on neutrophils through the STAT3 pathway.Fig. 4Tumor-derived G-CSF induces PD-L1 expression on neutrophils through the STAT3 pathway. (a) The expression of PD-L1 on neutrophils isolated from tumor-bearing mice. The expression of PD-L1 on neutrophils isolated from blood and abdominal cavity of naïve or tumor-bearing mice was analyzed by FCM, and expression index was calculated. (b) The level of G-CSF, GM-CSF, IL-6, and TNF-α in serum tumor-bearing mice. Mice were inoculated with CT-26 cells, and the serum concentration of G-CSF, GM-CSF, IL-6, and TNF-α was detected by ELISA at the indicated times. (c) The effect of G-CSF, GM-CSF, IL-6, and TNF-α on PD-L1 expression on neutrophils. The neutrophils from C-PC of the indicated mice were cultured for 12 h in the presence of G-CSF, GM-CSF, IL-6, and TNF-α, and the expression of PD-L1 on neutrophils was detected by FCM, and expression index was calculated. (d) The effects of G-CSF on STAT3 activation. The neutrophils from C-PC were stimulated with tumor-bearing mice serum, G-CSF or tumor-bearing mice serum plus G-CSF antibody for 12 h, and phospho-STAT3 was detected by WB. (e) The effect of STAT3 inhibitor on PD-L1 expression on neutrophils. The neutrophils from C-PC were cultured for 12 h in the presence of G-CSF or G-CSF plus STAT3 inhibitor FLLL32, and the expression of PD-L1 on neutrophils was detected by FCM, and expression index was also calculated. Results are expressed as mean ± SD from three independent experiments (*n* = 6 in each group). \**p* \< 0.05, \*\**p* \< 0.01.Fig. 4

Tumor-derived IL-18 enhances PD-1 expression on NK cells {#s0135}
--------------------------------------------------------

We first confirmed higher PD-1 expression on NK cells isolated from blood and spleen of tumor-bearing mice using FCM ([Fig. 5](#f0025){ref-type="fig"}a). Cell-autonomous protumorigenic effects of endogenous IL-18 have been reported in B16F10 melanoma \[[@bb0140]\]. Further, human breast cell line MDA-MB-231 promoted the expression of PD-1 by secreting IL-18 \[[@bb0145]\]. Therefore, we analyzed IL-18 level in the serum from CT-26 tumor-bearing mice and CT-26 culture medium by ELISA. As shown in [Fig. 5](#f0025){ref-type="fig"}b, the concentration of IL-18 increased in the days after the inoculation, and more IL-18 was also detected in the CT-26 culture medium. To clarify the effect of IL-18 on PD-1 expression *in vivo*, the eukaryotic expression plasmid, pIL-18, was constructed and injected into naïve mice i.m. once every 2 days, and the IL-18 concentration was measured as shown in [Fig. 5](#f0025){ref-type="fig"}c. After four injections, FCM revealed that pIL-18 transfection upregulated PD-1 expression on NK cells ([Fig. 5](#f0025){ref-type="fig"}d). We found that treatment with IL-18 neutralizing protein (IL-18 BP) downregulated the PD-1 expression compared to the pIL-18 transfection group ([Fig. 5](#f0025){ref-type="fig"}d). Next, IL-18 siRNA was constructed and transfected into CT-26 (CT-26 siRNA). The IL-18 siRNA significantly suppressed IL-18 production (Supplementary Fig. 1). IL-18 knockdown in CT-26 significantly downregulated PD-1 expression on spleen NK cells 10 days after CT-26 inoculation ([Fig. 5](#f0025){ref-type="fig"}e). Taken together, these results suggest that tumor-derived IL-18 enhances PD-1 expression on NK cells.Fig. 5Tumor-derived IL-18 enhances PD-1 expression on NK cells. (a) The expression of PD-1 on NK cells from tumor-bearing mice. The expression of PD-1 on NK cells isolated from blood and spleen of normal and tumor-bearing mice was detected by FCM, and expression index was also calculated. (b) The levels of IL-18 in serum of CT-26 tumor-bearing mice or CT-26 culture supernatant. IL-18 was detected by ELISA. (c) IL-18 expression in serum of pIL-18-transfected mice. Mice received intra-muscular (i.m) injection of eukaryotic expression plasmid pIL-18 as described in Materials and Methods, and the concentration of IL-18 was measured using ELISA kits at indicated times after pIL-18 transfection. (d) The effect of pIL-18 transfection and its neutralizing protein IL-18BP on PD-1 expression on NK cells. PD-1 expression on NK cells isolated from spleen was detected by FCM, and expression index was calculated. (e) The effect of IL-18 knockdown in CT-26 on PD-1 expression on NK cells isolated from spleen. The expression of PD-1 on NK cells isolated from CT-26 or IL-18 siRNA-transfected CT-26 -bearing mice was detected by FCM, and expression index was calculated. Results are expressed as mean ± SD from three independent experiments (n = 6 in each group). \*p \< 0.05, \*\*p \< 0.01.Fig. 5

The inhibition of neutrophils on NK cells was dependent on direct cell-cell contact {#s0140}
-----------------------------------------------------------------------------------

To further understand the mechanism of action of neutrophils on NK cells, neutrophils and NK cells insolated from naïve or tumor-bearing mice were co-cultured in the medium containing 100 U of IL-2 for 3 days, and CFSE-labeled YAC-1 cells (in logarithmic phase) were used as target cells to detect the cytotoxicity of NK cells. Neutrophils from tumor-bearing mice did not change the cytotoxicity of normal NK cells significantly. Decrease in NK cytotoxicity has been observed in tumor-bearing state (as shown in [Fig. 1](#f0005){ref-type="fig"}a), and neutrophils from tumor-bearing mice could further downregulate the cytotoxicity of tumor-bearing NK cells with the rise of neutrophils/NK ratio ([Fig. 6](#f0030){ref-type="fig"}a). It is noteworthy that neutrophils alone showed very limited cytotoxicity to YAC-1 cells (Supplementary Fig. 2). Interestingly, neutrophils-mediated inhibition of NK cell cytotoxicity was lost when NK-neutrophils were co-cultured in different chambers of the transwell system ([Fig. 6](#f0030){ref-type="fig"}b). These results indicate that neutrophil-mediated inhibition of antitumor immunity of NK cells was dependent on cell-cell contact.Fig. 6The inhibition of neutrophils on NK cells was dependent on direct cell-cell contact. (a) The effect of neutrophils on the cytotoxicity of NK cells. Neutrophils and NK cells were isolated from naïve or tumor-bearing mice, 1 × 10^5^ NK cells were co-cultured with neutrophils at the indicated ratios for 6 h, and then incubated with YAC-1 cells (1 × 10^5^). NK cells cytotoxicity was detected as described in Materials and Methods. (b) The effect of neutrophil-NK cell contact on NK cell cytotoxicity. Neutrophils and NK cells were co-cultured in a direct contact in a well or in different chambers of a transwell system, and NK cell cytotoxicity was detected as described in Materials and Methods. Results are expressed as mean ± SD from four independent experiments (n = 6 in each group). \*p \< 0.05, \*\*p \< 0.01.Fig. 6

Neutrophil depletion cooperated with anti-PD-L1 improve the survival of tumor-bearing mice {#s0145}
------------------------------------------------------------------------------------------

Previous studies reported that increase in peripheral neutrophil count was associated with poor clinical outcomes and short overall survival, and that depletion of neutrophils could improve survival \[[@bb0150],[@bb0155]\]. Thus, to further confirm whether neutrophil depletion along with PD-L1 neutralization could improve the survival of tumor-bearing mice, we observed the therapeutic effect of combining PD-L1 blockade and neutrophil depletion. When naïve mice were inoculated with tumor cells, neutrophil depletion combined with PD-L1 blockade was more efficient in suppressing tumor growth as evaluated by tumor volume and survival in mice ([Fig. 7](#f0035){ref-type="fig"}).Fig. 7Neutrophils depletion combined with anti-PD-L1 improves the survival of tumor-bearing mice. Naïve mice were inoculated with CT-26 tumor cells. The effect of neutrophil depletion along with PD-L1 blockade on tumor growth was evaluated by analyzing tumor volume and mice survival as shown. Tumor volume was calculated on the indicated days (left), and mice survival rate was recorded in parallel experiments (right). Results are expressed as mean ± SD from four independent experiments (*n* = 8 in each group; left), or expressed as mean ± SD from two independent experiments (*n* = 12 in each group; right). \*\*p \< 0.01.Fig. 7

Discussion {#s0150}
==========

Studies showing critical roles for neutrophils in tumorigenesis have begun to emerge. Neutrophils have a significant impact on tumor by modulating the microenvironment as well as by influencing immune cell recruitment and activation. To our knowledge, the present study is the first to demonstrate that neutrophils suppress the antitumor immunity of NK cells in a cell-cell interaction-dependent manner through the PD-L1/PD-1 axis. Our data showed that neutrophils from tumor-bearing mice impair the cytotoxicity and weaken the infiltration capability of NK cells that was explained by CCR1 downregulation, and meanwhile, could inhibit the responsiveness of NK-activating receptor NKp46 and NKG2D. Mechanistically, enhanced expression of PD-L1 on neutrophils and PD-1 on NK cells as well as PD-L1/PD-1 interaction was the underlying cause of the suppression of neutrophils on NK cell immunity. G-CSF/STAT3 pathway and IL-18 were responsible for the upregulation of PD-L1 and PD-1 on neutrophils and NK cells, respectively.

NK cell impairment or deficiency has been associated with increased incidence of various cancers in patients and animal models \[[@bb0160]\], indicating that targeting NK cell regulation would be key immune strategy against tumor. Immune cells modulate the antitumor immunity of NK cells through direct cell-cell interaction in tumor microenvironment. Neutrophils and NK cells are the first immune cells to infiltrate the tumor, and localize in the same areas of spleen, lymph nodes and tumor, suggesting an increased possibility of interaction between them \[[@bb0100],[@bb0165]\]. Although there are few previous reports demonstrating different and in some cases contradictory conclusions with regard to the modulation of neutrophils on NK cells in tumor \[[@bb0080],[@bb0170]\], we confirmed that neutrophils suppress the antitumor immunity of NK cells in a cell-cell interaction-dependent manner, including impairing the cytotoxicity of NK cells, weakening the infiltration capability of NK cells, as well as inhibiting the responsiveness of NK-activating receptors. Spiegel et al. showed that neutrophils suppress intraluminal NK cell-mediated tumor cell clearance and enhance extravasation of disseminated carcinoma cells by inhibiting NK cell function \[[@bb0105]\], but the detailed molecular mechanisms were not revealed. PD-L1/PD-1 signaling pathway transfers negative signal for antitumor immunity, and mediates immunosuppression in tumor microenvironment. The contribution of PD-L1/PD-1 axis to T cells exhaustion has been investigated extensively \[[@bb0175]\]. Antibodies against PD-L1 and PD-1 have proved to be clinically useful, and the rational for using them mostly comes from the evidence of tumor specific CD8^+^ T cells enhancement. Interestingly, a previous work reported that peri-tumoral neutrophils negatively regulate adaptive immunity through the PD-L1/PD-1 signaling pathway in hepatocellular carcinoma \[[@bb0180]\]. Additionally, the PD-1/PD-L1 axis modulates NK cells *versus* multiple myeloma effect \[[@bb0185]\]. However, whether neutrophils could inhibit the antitumor immunity of NK cells through the PD-L1/PD-1 pathway needed to be confirmed. In the present study, we demonstrated that neutrophils suppress the antitumor immunity of NK cells through PD-L1/PD-1 axis in a manner dependent on cell-cell interaction. The therapeutic effects of PD antibodies or inhibitors have been shown to be associated with PD expression. Here, we showed that enhanced expression of PD-L1 on neutrophils and PD-1 on NK cells as well as PD-L1/PD-1 interaction were the main mechanisms determining the suppression of neutrophils on NK cells immunity. It is also noteworthy that there may exist crosstalks between other immune cells and NK cells in addition to the interaction between neutrophils and NK cells that are responsible for NK cell impairment, and may act in concert to stimulate tumor development. For example, in TS/A cells-bearing mice, MDSCs could suppress NK cells cytotoxicity through inhibiting perforin production in a cell-cell contact dependent manner \[[@bb0120]\]. Additionally, MDSCs could activate NK cells through RAE-1, a NK cell activating ligand, suggesting an unexpected novel activating role of MDSCs on NK cells \[[@bb0190]\]. Thus, whether neutrophils can modulate antitumor immunity of other immune cells or whether other immune cells can affect the antitumor immunity of neutrophils to exert specific protumor effects require further investigation. Further studies are also needed to clarify the detailed mechanisms of interaction between these immune cells.

G-CSF is a pluripotent inflammatory cytokine that regulates hemopoiesis as well as immune responses. G-CSF-secreting tumors, including colorectal, lung, bladder, and cervical carcinomas, are among the most rapidly growing cancers due to immunosuppression \[[@bb0195]\]. Interestingly, we previously reported that G-CSF induced the protumor function of neutrophils \[[@bb0040]\]. Here, we identified G-CSF as an immunosuppressive factor secreted by tumor cells, confirming that tumor-derived G-CSF could effectively induce PD-L1 expression on neutrophils through the activation of STAT3 pathway, which led to the inhibition of neutrophils on the antitumor immunity of PD-1-expressing T cells \[[@bb0200]\] and NK cells \[[@bb0205]\]. In this manner, neutrophils appear to contribute to tumor progression through the G-CSF-PD-L1 pathway, providing a new mechanism for neutrophils-induced protumor effects. In the future, therapeutic strategies aimed at interfering with TANs or the G-CSF-PD-L1 immunosuppressive pathway may be developed to provide a novel direction for cancer immunotherapy. The inflammatory cytokine, IL-18, which plays a major role in activating NK cells \[[@bb0210]\], has been shown to be accumulated in cancer patients, but its pathophysiological role in tumor immunity remains largely unclear. Recently, Park et al. reported that IL-18 could induce PD-1 expression on immunosuppressive NK cells in triple-negative breast cancer, and tumor-derived IL-18 was associated with bad prognosis of triple-negative breast cancer patients \[[@bb0145]\]. In this study, we showed that IL-18, either exogenous or tumor-derived, promoted the expression of immuno-inhibitory receptor PD-1 on NK cells, which may lead to the suppression of NK-mediated tumor immunosurveillance. Although the exact mechanism of IL-18-induced PD-1 expression on NK cells was not identified in this study, abnormal PD-1 expression on NK cells provides evidence for the suppression of IL-18 on NK cells. Further studies may be needed to clarify the molecular mechanisms determining the effects of IL-18 on PD-1 expression and NK immunity.

In conclusion, based on the results obtained using a tumor-bearing mice model and an *in vitro* immune cell model, we demonstrate that neutrophils exert protumor effects through suppressing the antitumor immunity of NK cells in a PD-L1/PD-1 dependent manner, thereby providing new insights into the pathogenesis of colon cancer development. Additionally, our data demonstrate a new mechanism of impairment of NK immunity in tumor-bearing status, and, further, describes in detail the mechanism responsible for neutrophils-mediated inhibition of NK antitumor immunity, which may provide clues for better understanding of the pathogenesis of cancer and contribute to development of potential therapeutic strategies by targeting and remodeling neutrophils and NK cells in preventing tumor. Targeting G-CSF/STAT3 and IL-18 signaling pathway may also be potential strategies to inhibit residual tumor in antitumor therapy.
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